Population fluctuations can have a pronounced effect on genetic diversity, behavioral adaptations, and population viability in small mammals. Little is known as to how genetic diversity is associated with population dynamics, and whether genetic bottlenecks or genetic resilience occur in fluctuating populations of small rodents. Using DNA microsatellites and 6 years of data, we investigated changes in genetic diversity of the greater long-tailed hamster (Tscherskia triton) at 2 sites in the North China Plain. Genetic diversity was measured as mean number of alleles per locus (N a ), allelic richness (A), expected heterozygosity (H E ), and observed heterozygosity (H O ). Genetic diversity changed rapidly with changes in population density, and the relationship was positive. A bottleneck effect was detected only in some low-density years. Our results demonstrate an obvious genetic resilience and capacity for recovery in this species. We discuss this pattern in the context of dispersal and other behaviors of greater long-tailed hamsters, and how agriculture-related disturbance affects their genetic diversity.
Genetic variability within and among populations is the result of complex processes involving mutation, migration, genetic drift, and selection (Berthier et al. 2005) . Genetic variability is essential to ensuring population viability and continued evolution (Berthier et al. 2005; Cena et al. 2006 ) and can affect behavior and population dynamics (Boonstra et al. 1998; Krebs 1996) . Temporal and spatial heterogeneities in demographic parameters such as population size and migration rate may affect the genetic diversity of populations (Berthier et al. 2005; Slatkin 1993 ). Under demographically stable conditions, genetic variability of a population tends to reach a stable equilibrium between gene flow and genetic drift (Slatkin 1993) . However, population size and migration often change over space and time due to environmental or human disturbance. Especially for species with a low population size, genetic diversity can be reduced greatly by inbreeding (Shikano et al. 2001) or genetic drift (Aspi et al. 2006) , or both.
Many species, especially small rodents, exhibit dramatic fluctuations in population density over time (Wright 1978) . Strong fluctuations in population density can lead to loss of genetic variability, and populations experience repeated bottlenecks and their effective size is reduced (Wright 1978) . A rapid reduction in genetic diversity and inbreeding depression can significantly lower the evolutionary ability of populations to adapt to changing environments (Frankham 1995a (Frankham , 1995b . However, studies have shown that high genetic diversity can exist in cyclic populations of several species (e.g., Aspi et al. 2006; Berthier et al. 2005 Berthier et al. , 2006 Ehrich and Jorde 2005) , and therefore inbreeding or bottleneck effects do not have to characterize small or declining populations (e.g., Berthier et al. 2005) . However, most of these studies were based on 1-or 2-year samples of populations during lowdensity phases. To our knowledge, studies examining changes in genetic patterns in rodents across many years are uncommon (but see Berthier et al. 2006; Bowen 1982; Plante et al. 1989) .
The greater long-tailed hamster (Tscherskia triton) is a dominant rodent species in croplands in the North China Plain, and its life history, behavior, and ecology are well studied (e.g., Zhang et al. 1998 ). This species is widely distributed from northern China to Korea and adjacent areas of Russia (Luo et al. 2000) and breeds from March to September. Overwintering female hamsters often reproduce 2 or 3 times a w w w . m a m m a l o g y . o r g year, and young-of-the-year hamsters reproduce 1 or 2 times a year (average litter size 9 or 10). The population density of this species fluctuates greatly but slowly among years with prolonged decline and low-density years (Zhang et al. 1998) . Greater long-tailed hamsters are solitary and display high levels of aggression (Wang et al. 2006; Zhang et al. 2001a Zhang et al. , 2001b Zhang et al. , 2004 . Animals using agricultural land as habitat are frequently disturbed by activities such as irrigation, harvest, pest control, and plowing, and hamsters in this region can have elevated dispersal rates (Zhang et al. 1993 ) that impact their genetic diversity.
Dispersal in this species is male-biased (Song et al. 2005) , and variations of genetic diversity over time and space have been identified previously (Wang et al. 2000; Zhang 2005, 2006) . However, changes in genetic diversity associated with population density and dispersal behavior remain unknown. We investigated this relationship in 2 fluctuating populations of the greater long-tailed hamster during 1998-2003. We aimed 1st to determine whether genetic diversity would be lower during years of low population density, and 2nd, whether this species has experienced inbreeding or bottleneck effects during prolonged low-density phases (also see Frankham 1995a see Frankham , 1995b .
MATERIALS AND METHODS
Study site.-Greater long-tailed hamsters were collected monthly from 1998 to 2003 from 2 locations: Wanglong, Guan County (39u259N, 116u349E) and Wugong, Raoyang County (38u089N, 115u419E), Hebei, China. These villages are approximately 160 km apart, located within the North China Plain, and have similar climates, soil types, and agriculture (corn, cotton, and wheat). Wheat is sown in autumn and harvested during the following summer; corn and cotton are sown in spring and harvested in autumn of the same year.
Two and 4 sampling sites (at least 1 km apart) were used near Wanglong and Wugong, respectively. At each site we established 4 plots (at least 50 m apart) for trapping and used two 250-m parallel trapping lines placed 20 m apart. Along each trapping line we placed 25 snare-wooden kill traps at regular intervals. These traps were approved for use by the Institute of Zoology, Chinese Academy of Sciences, and baited with peanuts. Following this protocol we conducted 3 days of trapping at the same time each month for 3 months and then stopped trapping at a site for 3 months to minimize the effects of removing too many animals. Traps were set in late evening and checked each morning. Captured hamsters were given a unique number, sexed, weighed, dissected, and measured to provide estimates of body size, age, and reproductive condition. Heads were preserved in 90% ethanol for later examinations. We used seasonal and annual trap success as a measure of population abundance as follows: Genetic analyses.-Neck muscle was collected from hamsters captured in spring (March-May) and autumn (August-October) and preserved in 95% ethanol for DNA extraction. For microsatellite DNA analysis, a sample size of 30-50 individuals is recommended (Yan and Zhang 2004 Total genomic DNA was extracted using standard phenolchloroform extraction protocols. Genetic variation was assessed using 7 microsatellite loci in the Wanglong population and 6 microsatellite loci for Wugong. These loci were all dinucleotide repeats: 4 were developed from golden hamsters (Mesocricetus auratus) and common hamsters (Cricetus cricetus), which were labeled as Mau14, Mau13, CC17, and CC15 (Song et al. 2005) ; others were developed from T. triton and labeled as TSC8, TSC19, and TSC92. Polymerase chain reaction amplifications of CC17 failed in most individuals from Wugong, and we were not able to use this primer. Reactions were performed in 20-ml reactions containing 50 mM of KCl, 10 mM of Tris-HCl, 2.5 mM of MgCl 2 , 0.2 mM of each dinucleoside triphosphate, 10 pmol of each primer, 0.5 U of Taq polymerase (Takara, DaLian, LiaoNing Province, China), and approximately 20 ng of DNA. Thirty to 35 amplification cycles were carried out on a PTC-100 (Bio-Rad, Hercules, California). After an initial denaturing of 3 min, each cycle had 30 s at 94uC, 30 s for annealing, 72uC for extension, and a final extension at 72uC for 5 min (Table 1 ). All products were analyzed on an ABI 377 instrument (Perkin-Elmer Applied Biosystems, Foster City, California) and gel analysis was performed using GENESCAN3.1 (Perkin-Elmer Applied Biosystems). Micro-checker v.2.2.3 (Van Oosterhout et al. 2004 ) was used to check for null alleles.
Probabilities of significant deviation from Hardy-Weinberg equilibrium for each locus in each population were tested using the Markov chain method with 10,000 dememorization steps in GENEPOP 4.0 (Raymond and Rousset 1995) . The alpha was 0.001 after Bonferroni correction according to rarefaction index of Hurlbert (Hurlbert 1971; Rice 1989) . We tested the possibility of null alleles using the program Microchecker v.2.2.3 (Van Oosterhout et al. 2004) . Genetic diversity was estimated over all loci within each population by the observed heterozygosity (H O ), an unbiased estimate of expected heterozygosity (H E -Nei 1978), the mean number of alleles per locus (N a ) using the program Excel Microsatellite Tool kit (Park 2001) , and allelic richness (A) using FSTAT 2.9.3.2 (Goudet 2001) .
It is possible that estimates of genetic diversity are influenced by sample size (Yan and Zhang 2004) ; here, correlation analysis indicated that only spring H E was positively and significantly correlated to spring trap success (r 5 0.93, P 5 0.01, n 5 6). Thus, we corrected genetic diversity indices (H E , H O , N a , and A) for the same sample size. The corrected genetic diversity index was estimated by using the average value of genetic diversity indices that were based on 10 calculations for populations larger than the minimum sample size. For each calculation, a number of individuals equal to the minimum sample size was randomly selected from the original sample. The minimum sample size was determined by the smallest sample size during our study (n min 5 17 for the Wanglong seasonal populations, n min 5 40 for the Wanglong yearly populations; n min 5 20 for the Wugong yearly populations).
Statistical analyses.-Normality of all data was tested using 1-sample Kolmogorov-Smirnov test by SPSS 15.0 (SPSS, Inc. 2007). Pearson correlations for genetic diversity and population abundance were used because all data were normally distributed. We used the program BOTTLENECK 1.2.0.2 to estimate deviation of gene diversity from mutation-drift equilibrium (Piry et al. 1999) . We used the strict stepwise mutation model to test for bottlenecks with microsatellites as recommended by . Significance levels were ascertained using both a Sign and Wilcoxon test (Cornuet and Luikart 1996; Luikart 1997) . We also used the L-shaped distribution method to test bottleneck effect (Cornuet and Luikart 1996) . The L-shaped method is a qualitative descriptor of the allelic frequency distribution that detects bottleneck effects of a population . If the allelic frequency is a normal L-shaped distribution, as expected under mutation-drift equilibrium, the population has no genetic bottleneck effect; otherwise, the population may have experienced a recent bottleneck effect.
RESULTS
Examination of our unpublished data from several years prior to this study showed that both populations were experiencing a decline or were within a low-density phase starting in 1993 for Wugong (highest monthly trap success 15.7% in October) and 1994 for Wanglong (10.3% in September). The Wanglong population showed an obvious decline from 1998 to 2001 and recovery from 2002 (Fig. 1a) , whereas the Wugong population showed a continuous decline from 1998 to 2003 (Fig. 1b) . The very low trap success of hamsters in both areas was due partially to a low probability of capture during cold winters.
Both the corrected (with equal sample size) and noncorrected (with different sample size) H E , H O , N a , and A in spring and autumn of the Wanglong population corresponded with seasonal trap success (T%; Fig. 2 ). Sample size had no or very little influence on estimates of H E , H O , and A but showed some influence on estimation of N a . Significant and positive correlations existed between seasonally corrected H E or H O and log-transformed trap success (H E : r 5 0.62, P 5 0.03, n 5 12; H O : r 5 0.72, P 5 0.01, n 5 12).
Significant and positive correlations were found between the corrected spring or autumn H E and spring or autumn and yearly trap success ( Fig. 3; Table 2 ). Significant and positive correlations existed between spring H O and autumn or yearly trap success and between autumn H O and spring or yearly trap success. Autumn N a or autumn A was correlated positively with yearly trap success. The corrected yearly H E or H O were correlated significantly and positively with yearly trap success in both populations (Wanglong: H E : r 5 0.96, P 5 0.00, n 5 6; H O : r 5 0.84, P 5 0.04, n 5 6; Wugong: H E : r 5 0.95, P 5 0.02, n 5 5; H O : r 5 0.95, P 5 0.01, n 5 5; Fig. 4) .
Genetic diversity in all seasonal populations was relatively high (Fig. 2) . For Wanglong H E ranged from 0.81 to 0.86, H O from 0.72 to 0.82, N a from 6.86 to 10.57, and A from 6.86 to 9.34. For Wugong H E ranged from 0.81 to 0.83, H O from 0.76 to 0.80, N a from 6.50 to 8.50, and A from 6.45 to 8.38. Using the Markov chain method we found that seasonal populations conformed to Hardy-Weinberg equilibrium (P . 0.001 after Bonferroni correction). We found no null alleles. Using the stepwise mutation model (Table 3) in Wugong had experienced a recent genetic bottleneck. These results suggest that hamster populations might have experienced some degree of bottleneck in very-low-density years. However, the bottleneck effect was detected only by using either Sign or Wilcoxon tests, not by both tests.
DISCUSSION
Our results indicate that genetic diversity in populations of great long-tailed hamsters was higher during periods of high population density. This finding is supported by our previous work (Wang et al. 2000; Xie and Zhang 2006) and studies on other species. Wang et al. (2000) , using random amplified polymorphic DNA markers, found that genetic diversity of greater long-tailed hamsters was lower in low-density peripheral populations in scattered valley farmlands than in central populations of higher density. Similarly, Xie and Zhang (2006) , using mitochondrial DNA markers, found that genetic diversity of the greater long-tailed hamster near Wugong declined as the population declined from 1998 to 2003. Based on 2 years of observation, Berthier et al. (2006) reported that gene flow in fossorial water voles (Arvicola amphibius) increased during population growth.
The positive relationship between genetic diversity and population density in this study most likely is explained by positive density-dependent dispersal in the greater long-tailed hamster, but we did not measure dispersal in this study. However, examination of previous capture-mark-recapture data may help to explain the observed relationship (Zhang et al. 1993) . Examining dispersal in 1996 and 1998, Zhang et al. (1993) found that in high-density years only 7.70% of hamsters remained in the plots where they were marked, much lower than the proportion observed in the low-density year of 1998 (22.49%- Zhang et al. 1993 ). These populations have similar rates of survival (Zhang et al. 1998) , meaning that the low resident-hamster population in 1996 was caused by high dispersal in the high-density year. This pattern also has been found in fossorial water voles (A. amphibius); Berthier et al. (2005) found that gene flow (i.e., effective dispersal) could be lower during the low-density phase than during the increasingand high-density phase in populations of this species. Our results revealed not only the rapid and positive densitydependent responses of genetic diversity in populations of this hamster species but also the strong genetic resilience of populations under disturbance, prolonged crash, and successive removal through trapping. Males and females of this species are aggressive and solitary (Wang et al. 2006; Zhang et al. 2001a Zhang et al. , 2001b Zhang et al. , 2004 and laboratory experiments have revealed that hamsters often fight, with fatal results, if housed together. We observed that trapped hamsters during high-density years had more bite scars and signs of social conflict. Therefore, dispersal rates in this species might be rapidly mediated by population density, resulting in a commensurate change in genetic diversity and the promotion of genetic recovery. Alternatively, high levels of dispersal in greater long-tailed hamsters in this region may be a function of disturbances from humans and agriculture, but we are unable to tease these factors apart. Our monthly trapping might have accelerated genetic loss in these populations, but this is unlikely because the dispersal patterns we observed are consistent with those of other local populations, and the capacity for recovery in this species is very high (Zhang et al. 1993 ). We found some degree of bottleneck or inbreeding signs in some low-density years of these fluctuating populations. Future work is needed to confirm this observation because the bottleneck effect was detected only by using either the Sign or Wilcoxon test. For open populations local genetic diversity is determined by the rate of gene flow and diversity among immigrants (Hedrick 2005) . Furthermore, only a few immigrants per generation are needed to maintain some genetic variability within populations and erase a bottleneck signature in 2-3 generations when the population is small (Busch et al. 2007; Ehrich and Jorde 2005) . Although substantial reductions in population size can cause inbreeding depression (Frankham 1995a (Frankham , 1995b , several studies provide evidence of high genetic diversity in fluctuating populations such as those studied here (Berthier et al. 2005; Ehrich and Jorde 2005; Vuorinen and Eskelinen 2005) . Immigration from genetically different demes could increase or impede loss of genetic diversity if genetic drift were to happen during a lowdensity phase (Ehrich and Jorde 2005; Hedrick 2005) . In this study the genetic diversity of hamster populations recovered quickly at both sites with recovery of the population.
In conclusion, our results demonstrate that genetic diversity is correlated positively with population density for greater long-tailed hamsters and that genetic diversity shows rapid changes with population density in this species. We found a bottleneck effect during some low-density years. However, we observed a strong genetic resilience after prolonged population decline or bottleneck, even under our repeated trapping and the disturbance it may have caused. We suggest that positive density-dependent genetic diversity in greater long-tailed hamsters is most likely the result of high and positive density-dependent dispersal, social behavior (solitary and aggressive), and habitat (agricultural land frequented by humans).
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